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The build-up and quasi-steadystate phases of
the operationof the tandem mirror experiment,
224X,and of a tandem mirror machine with inboard
thermalbarriers,MFTF-B, have been simulated
using a fluidmodel of the central cell and plug
plasmas. The fluid model incorporatesclassical
radial transport,three-dimensionalcold gas
transport in cylindricalgeometry,and neutral
beam transportcorrected for finite-Larmor-orbit
effects in both the central cell and yin-yang
end plugs.

The results obtained for the TNX simulations
agree favorablywith experimentaldata, and the
thermalbarrier mirror machine simulationsindi-
cate that plasma build-up to the densitiesand
temperaturesrequired for such near term experi-
ments, such as MFTF-B, is possibleusing current
neutral beam and ECRH technology.

Introduction

A fluid model of the central cell and plug

the drift-kineticequation! ;;”~;~~ ~~n~~ ‘f
plasmas, generatedby takin

perform numerical simulationsof the buildup and
quasi-steadystate phases of t~ operationof the
tandem mirror experiment,TMX, and of a tandem
mirror machine with inboard thermalbarriers.3

The thermal barrier tandem mirror machine is
shown schematicallyin Fig. 1. The TMX and
thermalbarrier mirror machine parametersused
are given in Table 1. The fluidmodel incorpor-
ates classicalradial transport,three-dimension-
al cold gas transport in cylindricalgeometry,
and neutral beam transportcorrectedfor finite-
Larmor-orbiteffects upon the neutral beam
depositionprofile in both the central cell and
yin-yang end plugs.

The results obtained for the TMX simulations
agree favorablywith experimentaldata, and the
thermalbarrier mirror machine simulationsindi-
cate that plasma build-up to the densitiesand
temperaturesrequired~or such near term experi-
ments, such as MFTF-B, is possibleusing

work performedunder the auspices of the U.S.
Departmentof Energy by the Lawrence Livermore
National Laboratoryunder contractnumber
w-7405-ENG-48.
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Fig. 1. The magnetic field, potential,and
density axial profiles are shown for a
tandem mirror machine with inside
thermalbarriers.

neutral beam injectormodules and ECRN guns cur-
rently under development. Furthermore,the cold
gas attenuationwhich occurs in the thermal
barrier mirror machine simulationsindicatesthat
a sufficientlylarge plasma halo will exist to
shield the A-cell region of MFTF-B from excessive
electron sources,which would otherwisedegrade
central cell ion confinementand reduce the
effectiveQ of the machine.

Fluid Model of the Central Cell and Plug Plasmas

By taking velocitymoments of the drift-
kinetic equation,a set of particle and energy
balance equations for the central cell’and plug
plasmas can be derived. The central cell and
plug ion and electronparticlebalance equations
are of the general form:
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TABLE I: Machine Parameters

Thermal BarrierMirror
MachineTMK

314. cm
14. cm

1500. cm
60. CIR

Central Cell Length
Plug Length
Central Cell Magnetic
Field Strength

BarrierMinimum
Magnetic Field Strength

BarrierMirror Ratio
Plug Midplane Magnetic
Field Strength

Plug Mirror Ratio
Central Cell Neutral
Beam Current

1. KG 15. KG
.

●

15. KG
10

20. KG
2.

10. KG
2.

t< 0.5 aec, 0.22 A/cm @ 50. KeV
t >0.5 see, 0.018 A/cm @ 60. KeV

O.A/cm

Plug Neutral Beam
Current t<20ma, 8.21 A/cm@ 11.9KeV t< 0.01 see, 3.34 A/cm 1?50. KeV

t >20ms, 2.5 A/cm@ 19.6 KeV t< 0.01 see, 8.34 A/cm @ 15. KeV
.01< t< .5 see, 3.34 A/cm@ 50. KeV
.01< t< .5 sec. 0.42 A/cm@ 60. KeV

t >,5 sec9 0.42 A/cm@ 60. ‘-‘-Kev

A/cm

Central Cell Neutral
Gas Current t< 3ms, 0.13 A/cm

t >3ma, 2.39 A/cm
t< 0.01 see, 0.2 A/cm
.01< t<O.5 sect 1.5
t >0.5 see, 0.5 A/cm

Plug Neutral Gas
Current 0.015 A/cm 0.2 A/cm

where T“ is the temperatureof species j,
I’.is tl?epaqticle flux, qj is the heat
f~ux,5~6r~l~ is the classlcalenergy
exchange time for rethermalizationbetween
species i and species j, [dTj/dt]E~~SS is
the net axial source or sink of energy for
species j, and SjT./nj is the net source
or sink of energy #or species j due to neutral
beam and gas interactionswith the plasma. The
axial energy loss for the electronsand central
cell ions is computedaccordingto the formulas
of Pastukhovand Cohen.7,8,10 The net plug

ion axial energy loss is computedusing the
Logan-Rensinkmodel.g

Equationsof the forms given in equations (1)
and (2) for central cell ion particlebalance,
central cell ion energy balancel central cell
electron energy balance, plug ion particle
balance,plug ion energy balance, and plug elec-
tron energy balance are finite difference in a
flux conservativemanner and time integrated
using a method similar to that used previouslyby
Noulbergllin the WHIST tokamaktransportcode.

an= -+*(rI’)+S- 2
N Gm (1)

where n is the density, P is the classical
particle flux scaled by an arbitrarymultiplica-
tive factor,5$6S is the net particle source
arising from neutral gas and beam interactions
with the plasma, and n2/(nr) is the axial
particle loss. The axial loss for electronsand
central cell ions is given accordingto the
formulasof Pastukhovand Cohen.798 ‘ltteplug
ion axial loss is given accordingto the semi-
empirical formulasof Logan and Rensink.9

I

The ion and electron energy balance equations
are of the general form:

●

,

In addition to solving for the densitiesand
temperatures?the potentials+c)$b~ and
~, indicatedin Fig. 1, must also be computed
at each time step. ~c, the differencein
potentialbetween the central cell and plug mid-

+Z
[1

&d+!h 55 (2)
~i/J dt ENO - n.

species Loss J
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planes is computedby equating the rate of &-
trapping of plug electrons to the rate of trap-
ping of passing central cell electrons into the
plug potentialwell.10 ~b, the absolute
value of the barrier potentialwhich thermally
insulatesthe plug and central cell electrons,
is calculatedby requiring charge quasi-neutral-
ity in the barrier region.12 Finally,~e,
the potential at which the central cell floats
relative to ground, is calculatedby equating

. electron loss (both radial and axial) to ion loss
(both radial and axial) over the entiremachine.

● Neutral Gas and Neutral Beam Transport

The three-dimensionaltransportof neutral
gas and neutral beams is simulatedby a numerical
code which calculatesthe radial depositionof an
external source of molecular neutrals and of the
resultantFranck-Condonand charge-exchangeneu-
trals in a cylindricalplasma and which also cal-
culates the radial depositionof an arbitrary
array of neutral beams and of the resultant
charge-exchangeneutrals assuming that the mole-
cular, Franck-Condon,and charge-exchange
neutrals are generatedwith three-dimensional
isotropy.

Twelve basic reactionsare includedin the
neutral transportcalculations. The molecular
neutral/plasmainteractionsinclude electron dis-
sociation,electron ionization,ion charge ex-
change, and ion ionizationof the molecular neu-
trals. The molecular ion/plasmainteractionsin-
clude electron dissociativeexcitation,electron
dissociativeionization,electron dissociative
recombination,ion dissociativeexcitation,and
ion dissociativeionizationof the molecular
ions. The monatomic neutral/plasmainteractions,
which encompassFranck-Condonneutral, charge-
exchangeneutral, and neutral beam interactions
with the plasma, include electron ionization,ion
charge exchange,and ion ionizationof the mon-
atomic neutrals.

To determinethe neutral transportend depos-
ition for an arbitraryarray of neutral beams of
arbitraryposition,width, and energy, each neu-
tral beam is divided into a set of parallel
flight paths determinedby the beam width, bean
position,and radial mesh spacings. The source
strengthof each flight path is determinedby the
total beam source strengthand the beam profile
(i.e., flat or Gausai=). The trajectoryof each
flight path is then tracked through the plasma
and depositionalong the flight path is deter-
mined by the local plasmadensities and tempera-
tures with appropriatecorrectionsfor finite-
Larmor-orbiteffects.13$14 The neutral beam
currentwhich passes through the plasma without
interactingwith the plasma is assumed to impact
the wall and to be trappedtherein.

To determinethe neutral transportand depos-
ition for the molecular,Franck-Condon,and
charge-exchangeneutral sources,it is first
necessary to redefine the radialmesh, such that

the mean free paths for the neutrals are greater
than or equal to a radialmesh spacing. At the
completionof the neutral calculations,the
radial mesh is transformedback to its original
configuration. It is then assumed that the mole-
cular neutrals enter isotropicallyat the edge of
the plasma. Flight paths for the molecular neu-
trals are then constructedin three-dimensional
space, and the transportand depositionof the
neutrals along each flightpath are then calcula-
ted. The depositionof the molecular neutrals
generatesFranck-Condonand charge-exchangeneu-
trals,while the neutral beam/plasmainteractions
are an additionalsource of charge-exchangeneu-
trals. Source points for the generationof these
monatomic neutrals are situatedradially through-
out the plasma, and neutral flight paths are con-
structed for each source point in three-dimen-
sional space. The transportand depositionof
these neutrals along each flight path are then
calculated. Subsequentgenerationsof charge-
exchange neutrals are similarlytreated. Neu-
trals which escape from the plasma are assumed
to impinge on the wall and to be trapped there.

ComputationalResults

To verify the physics and numerics of this
work, simulationruns using ‘IMXinput parameters
(Table I) were comparedwith TMX experimental
data (Table II). The simulationrun assumes ten
times classicaldiffusionand also no wall re-
flectionof incidentneutrals. An examination
of Table 11 shows that the simulationrun agrees
favorablywith the experimentaldata at equili-
brium. The centerlinetemperaturesand poten-
tials are well within the measured ranges,while
the densitiesagree to within a factor of two.
Experimentaluncertaintiesas to neutral beam
width and gas input as well as numericaldefi-
cienciessuch as lack of wall reflectionand neo-
classicaldiffusioncould easily account for the
discrepancies.

The time dependenceof the centrsl cell ion
density on axis is shown in Fig. 2. Note that
the density builds up slmly up to -3 msec with-
in which time the neutral gas current is due to
backgroundgas but rises substantiallythereafter
when the neutral gas current is determinedby
that from the puffer valves. An equilibrium
value is reached at -10 msec and is sustained
until the plug neutral beams are turned off at
-20 msec. The central cell ion density then de-
cays away as the confiningpotential is degraded.
This is very similar to the time-dependentTMX
operation.

The central cell ion density, ion temperature
and electron temperatureradial profiles at t =
20 maec are shown in Figs. 3-5. The inverted
density profile in Fig. 3 is not seen in TMX
operation. This implies that the 10 x classical
diffusionmodel is insufficientto simulate
actual neoclassicaldiffusion. Note that finite-
Larmor-orbiteffects and radial transportsupport
the plasma against edge erosion allowingradial
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TABLE II: Comparisonof TMX Experimentand Simulation

Experiment(Shot 66) Simulation

CenterlineCenter Cell Density 2.9 x 1012/cm3 4.32 x 1012/cm3

CenterlineCentral Cell Ion
Temperature 35.64 eV

CenterlineCentral Cell
Electron Temperature 107.04 eV

CenterlinePlug Density 1.2-1.9x 1013/cm3 1.08 x 1013/cm3

CenterlinePlug Ion
Temperature

CenterlinePlug Electron
Temperature

CenterlineValue

Cente~lineValue

CenterlineValue
+p=’&+4e

of rpe

of l$c

of

0.! 1

.)

.
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Fig. 2. Time dependenceof central cell density
on axis for a TMX simulation.

Fig. 3. Central cell ion density radial profile
at t = 0.020 sec for a TMX simulation.

8.4 KeV 8.38 KeV

117-335eV 121.05 eV

445.43 eV

93.65 eV

.400-550eV 539.08 eV

Fig. 4. Central cell ion temperatureradial
profile at t = 0.020 sec for a TMK
simulation.
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Fig. 5. Central cell electron temperature
radial profile at t = 0.020 sec for a
TM simulation.
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growth to the limiters. The temperatureprofiles
are consistentwith TMX measurements. Neutral
gas cooling of the plasma perimeter accounts for
the rapid decline in ion and electron tempera-
tures from the plasma core.

To model the build-up phase for a tandem
mirror machine with inboard thermalbarriers,
cases were run to simulate the fueling and heat-
ing of reactorswith MFTF-B parameters(Tables I
and III). Table 111 shows the results of two
such runs. Case MFTF5 assumes that the plug ECRH
conforms to a Gaussian profile,while case MFTF6
assumes an inverted Gaussian ECRN profile. The
radial transport in both the central cell and
plugs is assumed to be 10 x classical,and the
plug ECRN rise time is assumed to be 0.5 sec in
both cases. Ramped ECRN is desirablein order to
avoid initiallyoverheatingthe lW density plug
plasma. If the plug electronsoverheat, the
ambipolarhole energy in the plug can become
equal to or greater than the neutral beam injec-
tion energy, leading to very 10SSY plug and cen-
tral cell plasmas. Since ECRH absorption is pro-
portional to l-exp(-aTep), the systemmaY
naturallyramp itself.

Since the electron temperatureson axis of
each case are approximatelyequal at t = 0.5 see,
the initial electronheating is via hot ion drag.
At t = 1.0 sec the electron temperature on axis
are much lower for the invertedGaussian ECRN
profile; thus, once the startupneutral beams are
turned off and only the sustainingneutral beams
are functioning,electronheating is determined
by the ECRH depositionin the plug, which is much
lower on axis for the inverted Gaussian ECRN pro-
file. The central cell ion temperatureon axis
drops from t = 0.5 sec to t = 1.0 sec in both
cases due to decreaaedneutral beam heating in
the central cell and to the loss of high energy
ions out of the central cell. The plug ion
temperatureon axis rises in both cases due to
the preferentialloss of low energy ions
scatteredinto the loss cone.

The time dependenceof the central cell ion
density on axis for 0.0< t< 0.5 sec is shown
in Fig. 6 for the Gaussian ECRN profile. Note
that for 0.0< t< 0.01 sec the 10 meet startup
neutral beams are operationaland direct 11.68
A/cm of neutral beam current on each plug. This
neutral beam current causes the confining

Plug ECRN Power

Plug ECRH Rise Time

Transport

Central Cell Ion
Density on Axis
t = 0.5 sec
t = 1.0 sec

TABLE 111: NFTF SimulationCases

MFTF5 MFTF6

0.6 MU-Gaussian 0.6 MlJ-InvertedGaussian

0.5 sec 0.5 sec

10x-classical 10x-classical

1.1 x 1013/cm3
1.0 x 1013/cm3

Central Cell Ion
Temperature on Axis
t = 0.5 sec 9.7 KeV

t = 1.0 sec 4.9 KeV

Central Cell Electron
Temperature on Axis
t =0.5 sec 3.6 fCeV
t = 1.0 sec 11.7 KeV

Plug Ion Density on
Axis t = 0.5 sec 7.0 x lo13/cm3

t = 1.0 sec 5.8 x 1013/cm3

Plug Ion Temperature
on Axis
t = 0.5 sec 41. KeV
t = 1.0 sec 62. KeV

Plug Electron Temperature
on lucis
t = 0.5 sec 4.2 KeV
t = 1.0 sec 50. KeV

9.76 x 1012/cm3
6.5 x 1012/cm3

12.2 KeV
6.7 KeV

3.6 KeV
8.2 KeV

6.9 X 1013/cm3

1.56 x 1013/cm3

41. KeV
51.8 KeV

4.2 KeV
13.3 KeV
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potential,~c, to increaserapidly, and thus
there is also a rapid increaae in central cell
density in the first 10 msec of operation. For
0.01< t <0.5 aec the neutral beam current in
the plug drops to 3.76 A/cm, and this causes a
much slower rise in central cell density till
equilibriumis attained at -0.5 sec.

h.ryllllrl
I

IJ. ICES r-r.3332 c.4997

‘fItlEISEC)

Fig. 6. Time dependenceof central cell density
on axis for 0.0< t <0.5 sec for case
MFTF5 .

The central cell ion density, ion tempera-
ture, and electron temperatureradial profiles
at t = 0.5 sec are shown in Figs. 7-9 for the
Gaussian ECRH profile. Note that the ion density
profile shows a slight halo at large radii. A
plasma halo at the plasma perimeter is desirable
to shield the thermal barrier region from ex-
cessive neutral gas penetration. The plasma halo
is supportedagainst neutral erosion by finite-
Larmor-orbiteffects on neutral depositionand by
radial plasma transport. The ion and electron
temperaturesdecreasewith increasingradius aa
expected due to neutral gas cooling and radial
energy transport.

-r--i— r -.-I- .- -f ‘—-i ‘. v--. -l

~ {11-‘-1- --i=’:_+:~- == I‘-.-.5=-”
~__l__.;_. l......_.~..+= -.’ .——

f~ ---—. —,—- _,—_ .—.,—. , . .....-.——

& jD_—’—-—r j-...,~j:~j:~--–’E-.H::-:J–-..I..---i,ni3 J._._ —
~t—-4–~L-u--J ~2.*T3

1.lri7 la.cla y 54.917

RN)IU5(C14)

~1”‘9d-’g;~- I roll:
.-—

l.__l ,Jm--l 1 I _———,—-.47 I I I;; jfprzl+ -:i-l>-‘i–j-’-’1’ :-iQ I_!_ I I l_l_iI <l-l–_
r.]
r- cdI m I L._!_-..;._-
fi- -1_L~~-1-]..-_._._iALna

o la . 2!I 50 <o SOA 70

Fig. 8. Central ce11 ion temperatureradial
profile at t = 0.5 sec for case MFTF5.
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Fig. 9. Central ce11 electron temperature
radial profile at t = O.5 sec for case
MFTF5.

The time dependentbehavior of the central
cell ion density on axis for 0.5< t < 1.0 sec is
shown in Fig. 10 for the Gaussian ECRH profile.
Since the startup neutral beams in the central
cell and plugs are turned off at t = 0.5 sec
leaving only the 0.42 A/cm and O.01S A/cm sus-
tainingneutral beams in the plugs and central
cell, respectively,and since the plug neutral
gas current is decreasedto 0.5 A/cm after 0.5
sec of operation,the plasma density initially
&clines; however, it quickly establishesa new
but lower equilibriumvalue as the plasma read-
justs to the new operatingconditions.

m

~-t 1 1 I

0.5000 0.6ss7 0,6333 1

TIFIEISEC)

Fig. 10.
Fig. 7. Central ce11 ion density radial profile

at t = 0.5 sec for case MFTF5.

Time dependenceof central cell density
on axis for 0.5< t < 1.0 sec for case
MFTF5.
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The central cell ion density, ion tempera-
ture, and electron temperatureradial profiles at
t = 1.0 sec are shown in Figs. 11-13 for the
Gauasian ECRR profile. Note that the ion density
profile remains relativelyunchanged from that at
t = 0.5 sec. The ion and electron temperature
profiles,however, have much steeper gradients
with increasingradius. This results from the
fact that the Gaussian ECRH depositionin the
plugs must support the electron temperaturesdue

7 to less neutral beam depositionin the central
cell and plugs.
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Fig. 11. Central cell ion density radial profile
at t = 1.0 sec for case KFTF5.

Fig. 12. Central cell ion temperatureradial
profile at t = 1.0 sec for case MFTF5.

i ih 2k 30
R17DIUS:;H)

Fig. 13. Central cell electron
radial profile at t =
MFTF5.

si36070

temperature
1.0 sec for case

To determine the effects of the ECRlideposi-
tion profile about which there is some uncer-
tainty, an invertedGaussian ECRH depositionpro-
file waa modeled (Case MFTF6). The time depen-
dence of the central cell ion density on axis for
0.5< t< 1.0 sec is shown in Figs. 14 & 18 for
the invertedGaussian ECRN profile and exhibits
similarbehavior to that of the Gaussian ECRH
profile results (Figs. 6 and 10). This implies
that for the first 0.5 sec of operation the
plasma build-up and heating is dominatedby the
startup neutral beams in the central cell and
plugs and that for the remaining 0.5 sec of oper-
ation the lower neutral beam and neutral gas
currents effect lower centerline density values.

0.0000 0.iss 0.3331 0.9996

TIME(SECI

Fig. 14. Time dependenceof central cell density
on axis for 0.0< t< 0.5 sec for case
MFTF6.

J. I I I I I I I I

. I I I I I I ! 1A

m i.167 19.’C83 * 54:917 72:033

RFIDIUS(CM)

Fig. 15. Central cell ion density radial profile
at t = 0.5 sec for case MFTF6.
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Fig. 16. Central cell ion temperatureradial
profile at t = 0.5 sec for case MFTF6.
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Fig. 17. Central cell electron temperature
radial profile at t = 0.5 sec for case
MPTF6 .
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Fig. 18. Time dependenceof central cell density
on axis for 0.5< t< 1.0 sec for MFTF60

The central cell ion density, ion temperature
and electron temperatureradial profiles at t =
0.5 sec end t = 1.0 sec are shown in Figs. 15-17
and 19-21 for the invertedGaussian ECRH deposi-
tion profiles. The ion density profile is
slightlyinverted at t = 0.5 sec and shows
similarbehavior to the Gaussian ECRH deposition
profile results (Fig. 11); however, at t = 1.0
sec the ion density profile is deeply inverted.
The electron temperatureprofile is also slightly
invertedat t = 0.5 sec but deeply invertedat t
= 1.0 sec. Thus, the ECRH depositionprofilehas
minimal effect on plasma characteristicswhen
large neutral beam currents impingeon the plasma
but much larger effectswhen the large beam
currents are absent (i.e., during steady state
operation). The ion temperatureprofiles display
no inverted structureat either t = 0.5 sec or
t = 1.0 sec. ‘llmsneutral beam heating of the
plasma ions dominatesdrag off of the hot
electronsat all times, even for low neutral
beam currents.

1 1 1

1 I I
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+ 1
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19.m 54.917 72.633
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Fig. 19. Central cell ion density radial profile
at t = 1.0 sec for case MFTF6.
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Fig. 20. Central cell ion temperatureradial
profile at t = 1.0 sec for case MFTF6.

RfVIIUSICfll

Fig. 21. Central cell electron temperature
radial profile at t = 1.0 sec for case
MFTF6.

Conclusions

The followingconclusions
aforementioned‘lMXand MFTF-B

resulted from the
simulationruns:

8



1.

2.

3.

4.

5.

6.

7.

A comparisonof TMX simulationruns with
lMK experimentalresults shows that the
physics and numerics of the presentwork
model the behavior of tandemmirror
machines to within experimental
tolerances.
Although a plasma halo is seen in both
TMK and MFTF simulationruns, the addi-
tion of neoclassicaltransportand a
realisticwall reflectionmodel could
modify this result substantially.
Finite-Larmor-orbiteffects and radial
plasma transportsupport the plasma edge
against erosion and allat radial growth
to the limiters in both TMX and MFTF-B
simulationruns.
Initialbuild-up of the central cell and
plug plasmas is determinedby the neu-
tral beam injectioncurrents,energies,
and aiming patterns.
In MFTF-B simulationruns with ramped
ECRH, the initial electronheating is
via hot ion drag. After the start-up
beams are turned off and only the sus-
taining beams are in use, elactronheat-
ing is determinedby the ECRH deposition
in the plugs. InvertedECRH deposition
profiles produce inverted temperature
and potentialprofileswhich may be
desirable if large plasma halos are a
requirementfor MFTF-B operation.
Ramped ECRH is desirablein order to
avoid initiallyoverheatingthe low
density plug plasma. If the plug elec-
trons overheat,the zmbipolarhole
energy in the plug can become equal to
or greater than the neutral beam injec-
tion energy, leading to very lossy plug
and central cell plasmas. Since ECRH
absorptionis proportionalto
[l-exp(-aTep)], the systemmaY
naturallyramp itself.
Within the limits of the presentmodel,
plasma build-up to the densitiesand
temperaturesenvisagedfor the inboard
thermalbarrier version of MFTF-B is
possible.
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